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We grew graphene epitaxially on 6H-SiC(0001) substrate by the simulated annealing method. The
mechanisms that govern the growth process were investigated by testing two empirical potentials,
namely, the widely used Tersoff potential [J. Tersoff, Phys. Rev. B 39, 5566 (1989)] and its more
refined version published years later by Erhart and Albe [Phys. Rev. B 71, 035211 (2005)]. Upon
contrasting the results obtained by these two potentials, we found that the potential proposed by
Erhart and Albe is generally more physical and realistic, since the annealing temperature at which the
graphene structure just coming into view at approximately 1200 K is unambiguously predicted and
close to the experimentally observed pit formation at 1298 K within which the graphene nucleates.
We evaluated the reasonableness of our layers of graphene by calculating carbon-carbon (i) average
bond-length, (ii) binding energy, and (iii) pair correlation function. Also, we compared with related
experiments the various distance of separation parameters between the overlaid layers of graphene
and substrate surface. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4832043]
I. INTRODUCTION
The discovery of graphene has revolutionized our view-
shed of materials science. This truly two-dimensional (2D)
monolayer nanostructure which composes of carbon atoms
has great impact on such diversified disciplines as physics,
chemistry, material engineering, bio- and nano-science.
Graphene has attracted so much attention of researchers in
recent years due mainly to its unique electronic and mechan-
ical characteristics. Notable electronic properties include the
high electrical conductivity (typically ∼2 m−1)1–4 or high
carrier mobility5,6 (typically ∼(2–5)× 103 cm2 V−1 s−1 but
value as high as 2 × 105 cm2 V−1 s−1 has been reported
also7), extremely large thermal conductivity (∼(3–5) × 103
W m−1 K−1)8,9 etc., whereas the most unusual mechani-
cal properties are the ultrathin feature (single-layer graphene
with an effective thickness ∼6 Å) possessing yet an ex-
tremely hard strength10–16 (intrinsic strength around 130 Gpa
or Young’s modulus value around 1 Tpa). Because of these ex-
traordinary properties and the potentially wide technological
applications in nanoelectronics,17, 18 photodetectors,19 imag-
ing substrates,20 sensors,21 batteries,22, 23 ultracapacitors,24
bioscience25 etc., the quest for producing high-quality, defect-
free, and large-area single-crystal graphene has become one
of present-day scientific pursuits.
In view of its fascinating properties and the envisioned
technological applications, a flurry of research activities has
in recent years spawned on finding the growth mechanisms
of graphene. Experimentally, several methods are reported
a)Author to whom correspondence should be addressed. Electronic mail:
sklai@coll.phy.ncu.edu.tw
to have produced high quality graphene layers. The exfolia-
tion of highly oriented pyrolitic graphite1–3,26 is one popular
method. In this method, the strategy is basically mechanical as
in peeling off layers with scotch tape. Another, so-called epi-
taxial graphene technique, the strategy involves graphitization
of silicon carbide (SiC) by heating SiC surfaces,27–29 decom-
posing and sublimating Si atoms in high temperature anneal-
ing and ultrahigh vacuum environment. Despite their identi-
cal atomic structures, there have been several discussions in
the literature6,30 raising the question of the disparity in elec-
tronic properties between graphenes grown by the exfoliated
and epitaxial methods. Accordingly, the underlying mecha-
nisms behind graphene formation, especially the microscopic
properties of samples, remain an issue of both experimental
and theoretical concern. To gain insight into the growth of epi-
taxial graphene, Hannon and Tromp31 studied the formation
of graphene using the low-energy electron microscopy. They
imaged the Si face of Si-terminated 6H-SiC(0001) focusing
on how the carbon or C-rich 6 × √3 buffer layer forms. They
observed that prolonged high temperature annealing at 1298
K in vacuum has resulted in the formation of smooth steps
with a step height of about 8 Å as measured by them using
the atomic-force microscopy. This step height is very close to
three SiC bilayers (7.5 Å). This terracing feature gives rise to
the formation of pits which has been reported previously also
by Derycke et al.32 and Gu et al.33 and subsequently by Bolen
et al.34 to hinder the epitaxial growth of flat graphene layers at
temperatures below 1473 K. Using transmission electron mi-
croscopy and scanning tunneling microscopy (STM) experi-
ments, Borysiuk et al.35 observed, as in the theoretical calcu-
lations of Varchon et al.,36 carpetlike corrugation panorama
of graphene layers. A conclusion drawn from them is that the
0021-9606/2013/139(20)/204702/13/$30.00 © 2013 AIP Publishing LLC139, 204702-1
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
140.115.4.117 On: Mon, 25 Nov 2013 22:41:33
204702-2 Yoon et al. J. Chem. Phys. 139, 204702 (2013)
first layer of carbon atoms which is about 2 Å above the Si
surface of 4H-SiC, gives a concrete evidence of strong direc-
tional bondings between carbon atoms and Si surface of the
4H-SiC(0001) substrate; these robust interactions can mod-
ify the properties of next graphene layers above.37,38 Very
recently, Poon et al.39 dissected experimentally the mecha-
nisms of graphene growth by the STM. Their more quanti-
tative results appear in line with the experiments of Hannon
and Tromp31 and Bolen et al.34 Poon et al.’s analysis of the
graphene growth rules out, however, the possibility of one-
layer graphene grown on 6H-SiC surface without the presence
of a C-atom buffer layer, thus disagreeing with the molecular
dynamics (MD) simulation of Tang et al.40 and Jakse et al.41
who reported that monolayer graphene can be grown from
two C-rich monolayers on 6H-SiC. We should mention more-
over at this point the simulation works of Lampin et al.42
who obtained a value 1.68 Å for the distance of separation
between the C-atom graphene layer and the top Si atoms of
6H-SiC. The findings of Lampin et al. apparently imply a
stronger bonding than that observed experimentally by Bo-
rysiuk et al.35 and that calculated theoretically by Varchon
et al.36 employing the density functional theory (DFT).
In the present work, we address these questions of de-
bate by means of numerical simulations which we carried
out at atomic scale. To our best knowledge, the use of com-
puter simulation to study the formation of epitaxial graphene
is still primitive and limited, for several of the most recent
works such as those of Tang et al.,40, 43 Lampin et al.,42 Jakse
et al.,41 and Hwang et al.44 who touched on the same re-
lated themes of epitaxial growth of graphene were published
only within the last four years. Accordingly, we perform as in
Refs. 40 and 41 the classical MD simulations for the single
graphene sheet on 6H-SiC(0001) substrate but extending here
also to include multi-layers of graphene whose morphologies
allow us to examine their in-plane and inter-planar structural
properties.
To proceed to more in-depth investigation, we use two
empirical potentials to describe the interactions among car-
bon and silicon atoms in the SiC system, namely Tersoff
potential45–49 already used in Refs. 40 and 41 and a more
refined one proposed years later by Erhart and Albe.50 We
evaluate the suitability and reasonableness of these two po-
tentials in the study of graphene growth by employing them
in simulated annealing and examining the grown epitaxial
graphene on 6H-SiC substrate. For this purpose, our sim-
ulation strategy is to first consider the one-sheet graphene
“buffer” layer and then two sheets of graphene with the sec-
ond graphene layer overlaid atop the buffer layer. As we shall
see below, the Tersoff-type potential of Erhart and Albe (here-
after referred to as TEA) gives a more physical description of
the computer-simulated graphene sheet when compared with
the tight-binding51 and ab initio52 calculations as well as the
graphene characteristics inferred from experiment.35 Specif-
ically, the TEA potential yields a better graphene formation
temperature since, at this temperature, our simulation data
predict the emergence of graphene layer which is reminiscent
to the formation of pits in epitaxial graphene experiment.31
Our results with the TEA potential show furthermore that
the second layer of graphene is more stable than the first
graphene buffer layer. While the latter is tightly bound to the
Si face of 6H-SiC substrate with an average inter-planar dis-
tance of 2.37 Å, the second layer is only weakly coupled to
the graphene buffer layer with an average inter-planar dis-
tance of 3.13 Å. Considering our use of an empirical poten-
tial, these inter-layer distances are reasonable for they cap-
ture the qualitative characteristics observed in recent epitaxial
experiments.35, 37
The layout of the paper is the following. In Sec. II A
we present the two Tersoff-type empirical potentials describ-
ing briefly the underlying physics and chemistry in a same
general expression. Then, in Sec. II B, we draw attention to
the Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS) software53 that we employed for all of
our simulations. We describe briefly in this subsection how
a Si-terminated 6H-SiC substrate is to be constructed and
substituted into the software for an efficient MD simulation.
In Sec. II C, we give an account of the strategy and tech-
nical details that we used to mimic the experimental envi-
ronment of the desorption of Si atoms from SiC substrate.
The procedure for the simulated annealing technique fol-
lows in Sec. II D. The latter process is applied to study the
growth of graphene layers on the 6H-SiC substrate surface.
A systematic analysis of the simulation results is given in
Sec. III. Here we first evaluate the reasonableness of the two
Tersoff-type potentials by comparing them with ab inito cal-
culations, and then proceed to examine the morphology of
the graphitic structures. The C–C average bond-length, bind-
ing energy, and pair correlation function are quantities used
for assessing the quality of our grown layers of graphene.
Finally, in Sec. IV, we summarize all our findings in this
work.
II. MODELING AND SIMULATION STRATEGIES
A. Methodology: Empirical potential
To perform MD simulation on the SiC substrate, we de-
scribe first of all the interactions among C and Si atoms. In
the present work, we employ the widely used semi-empirical
Tersoff potential45–49 and its more refined form proposed by
Erhart and Albe.50 As it was pointed out in some very recent
works46,50 that have evaluated these empirical potentials, the
choice of the bond order (Eq. (7)) to account for the interac-
tions between carbon and silicon atoms in SiC is crucial. In
Sec. III A 1, we will compare the results obtained by these
potentials, and study the factors that govern the formation of
graphene sheets.
A general expression of the empirical potential applicable








V (rij ), (1)
where Ei is the total potential energy for an atom at site i,
V (rij ) = fC(rij )[aijVR(rij )+ bijVA(rij )], (2)
in which fC is a cutoff function varying continuously from 1
to 0 around the position (Sij+Rij)/2 of the first-neighbor shell.
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cos(π (rij − Rij )/(Sij − Rij )), Rij < rij < Sij ,
0, rij > Sij
(3)
where i or j stands for atom C or Si, rij is the ij bond-length
distance, and Sij = (SiSj)1/2 and Rij = (RiRj)1/2 are the posi-
tions of the outer and inner ranges, respectively. The Sij and
Rij therefore define the cutoff distance around (Sij – Rij)/2 for
atoms located at the first-neighbor shell. In Eq. (2), the first
and second terms in the squared brackets are the repulsive and
attractive parts, respectively. These quantities are expressed in
the form of Morse potential appropriate for multicomponent
system, viz.,
VR(rij ) = Aij exp
[−λij (rij − r (0)ij )],
VA(rij ) = −Bij exp
[−μij (rij − r (0)ij )].
(4)
In Eq. (4), the coefficients are defined by Aij = (AiAj)1/2,
Bij = (BiBj)1/2, whereas coefficients in the exponents are
λij = (λi + λj)/2 and μij = (μi + μj)/2. A brief description
of these various parameters in Eqs. (2)–(4) is in order. In the













νmij (rij − rik)m
]
, (6)
where m is an integer, ν ij = (ν i +ν j)/2 which is a constant
parameter introduced to allow the possibility of treating dras-
tically different atoms.47 The choice of αi in Eq. (5) depends
on ηij whose values are (exponentially) large only for calcu-
lations that go beyond first-neighbor shell. Since we shall re-
strict in the present work to only the first-neighbor shell, αi
is therefore anticipated to be sufficiently small that it is rea-
sonable to set ν ij = 0 and hence aij = 1. Note that the same
approximation aij = 1 is used in the TEA potential.50 Turning
to bij, it measures the bond order describing the coordination







where the parameter χ ij plays the role of strengthening or
weakening the heteropolar bonds, relative to the value esti-
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, (8)










d2ik + (hik − cos θijk)2
]
. (9)
In Eq. (9), θ ijk is the bond angle between bond ij and any
atom at k ( =i,j) bonded with atom i forming bond ik, and
constants γik , cik, dik, and hik are accordingly determined by
three-body interactions. We should comment at this point the
Tersoff potential49 (in LAMMPS software). This potential
considers parameters γik , cik, dik, and hik as depending only
the atom on site i, i.e., writing γi , ci, di, and hi indepen-
dent of any atom at site k. This replacements are, however,
an approximation since these parameters account for all pos-
sible three-body interactions, namely C–C–C, Si–Si–Si, C–
C–Si, C–Si–Si, Si–Si–C, Si–C–C, Si–C–Si, and C–Si–C; the
θ ijk in Tersoff potential has approximated Si–C and C–Si by
Si–Si and C–C, respectively, in the summation over k = i in
Eq. (8). The TEA potential,50 on the other hand, has taken into
account this bonding factor explicitly by fitting these param-
eters to cohesive energies and bond-lengths of several high-
symmetry structures as well as to the elastic constants of the
ground-state structures. Physically ς ij gives contributions of
all other bonds which are indexed by k to atoms i and j, be-
sides the ij bond; both the bond angle and bond length ikmust
thus be explicitly included. Note that in all of equations above
the parameters with singly subscripts denote the type of atom,
C or Si. In the following, we shall apply Eqs. (1)–(9) which
are well coded in the LAMMPS software53 for these two ver-
sions of Tersoff potentials. The first version follows one of
the previous papers of Tersoff49 and the second one that of
Erhart and Albe.50 We should mention that the quantities Aij,
Bij, λij, and μij above in the TEA potential are fitted to mea-
sured values of the dimer energy and bond length, such as the
equilibrium bonding distance r (0)ij in Eq. (4). Further details of
the parameters in these two versions of potentials are listed in
Table I.
B. Construction of the 6H-SiC substrate
To conduct efficient MD simulations with the LAMMPS
software,53 we find it advantageous to prepare a 6H-
SiC(0001) substrate, substitute it in LAMMPS and then apply
the simulated annealing procedure. Two separate MD simula-
tions are performed, employing in one the Tersoff potential
and in another the TEA potential.
To begin with, we describe in the first place how the 6H-
SiC substrate is constructed from the NRL structure database
available online.53,54 There are 12 atoms in a single unit cell.
In Figs. 1(a)–1(c), we show the substrate construction se-
quence for the Si-terminated 6H-SiC(0001), which is char-
acterized by six hexagonal layers repeated periodically in the
(0001) direction. Each hexagonal layer is a bilayer, compos-
ing in one of Si atoms and the other of C atoms. When viewed
in the direction of zy-plane, the stacking of 6H-SiC along the
y′-axis (see Fig. 2) runs as ABCABC. . . (Fig. 1(c)), whereas
when viewed in the zx-plane direction along the x-axis, it
runs as ABCACB,. . . (Fig. 1(b)). The SiC substrate as a whole
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TABLE I. Parameters used for carbon, silicon, and silicon carbide in MD simulation for Tersoff [49] and TEA [50] potentials. Explicit definition of these
parameters are described in text. The bond order parameters γik , cik, dik, and hik in the three-body interactions (Eq. (9)) are crucial in the present simulated
annealing method. They are more quantitatively fitted to experimentally observed values for the TEA potential (see text).
Tersoff potential TEA potential
Parameter Si C Si-C C-Si Si C Si-C C-Si
m 3 3 3 3 1 1 1 1
r
(0)
ij (Å) 0 0 0 0 2.232 1.4276 1.79 1.79
vij 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
γik 1.0 1.0 1.0 1 0 0.114354 0.11233 0.011877 0.011877
cik 1.0039 × 105 3.8049 × 104 1.0039 × 105 3.8049 × 104 2.00494 1.8191 × 102 2.73987 × 105 2.73987 × 105
dik 16.217 4.3484 16.217 4.3484 0.81472 6.28433 180.314 180.314
hik −0.59825 −0.57058 −0.59825 −0.57058 −0.259 −0.5556 −0.68 −0.68
ni 0.78734 0.72751 0.78734 0.72751 1.0 1.0 1.0 1.0
β i 1.1 × 10−6 1.5724 × 10−7 1.1 × 10−6 1.5724 × 10−7 1.0 1.0 1.0 1.0
μij (Å−1) 1.73222 2.2119 1.97205 1.97205 1.538105 1.930901 1.768074 1.768074
λij (Å−1) 2.4799 3.4879 2.9839 2.9839 2.833189 4.184262 3.265633 3.265633
Rij (Å) 2.7 1.8 2.21 2.21 2.68 1.85 2.2 2.2
Sij (Å) 3.0 2.1 2.51 2.51 2.96 2.15 2.6 2.6
χ ij 1.0 1.0 0.9776 0.9776 1.0 1.0 1.0 1.0
Aij (eV) 1.8308 × 103 1.3936 × 103 1.5973 × 103 1.5973 × 103 2.1457 × 103 2.0198 × 103 1.7794 × 103 1.7794 × 103
Bij (eV) 4.7118 × 102 3.467 × 102 4.0418 × 102 4.0418 × 102 2.1952 × 102 1.7543 × 102 2.2519 × 102 2.2519 × 102
assumes the orthorhombic structure which is shown in Fig. 2
for the Si-terminated 6H-SiC(0001). The actual dimen-
sions xy′z of our orthorhombic substrate are thus 33.88
× 33.88 × 15.12 Å3. We note that the use of a proper thick-
ness Z (in units of 15.12 Å) without affecting the growing
process is important. We found here that for growing one-
layer graphene Z = 1 is sufficient and for two-layer graphene
Z = 2 is needed due to the procedure of removal of Si atoms
as described below.
C. Preparation of carbon-rich layers
In our simulations of graphene by the epitaxial method,
we need first to prepare the initial position coordinates of car-
bon atoms at sites in the near surface region of 6H-SiC sub-
strate in order to mimic the experimental set up of desorb-
ing Si atoms in high temperature annealing and high vacuum.
Let us begin with the growing of one-layer graphene. Two C-
rich monolayers are obtained by removing Si atoms directly
from the top two SiC bilayers of 6H-SiC substrate. This pro-
cedural preparation of C atoms does not lead to a complete
graphene coverage based on a stoichiometric consideration.39
Nonetheless, the partial coverage obtained in this manner al-
lows a better understanding of the growth as well as the
morphology of graphene sheets. The same strategy can be
applied to the growth of two-layer graphene where we ex-
tract four monolayers of Si atoms from the top four SiC
bilayers.
FIG. 1. Diagrams viewing in the directions of z-x and z-y planes of Si-terminated 6H-SiC substrate. For illustration, the unit cell of 12 atoms is depicted in (a)
with yellow color balls for Si atoms and cyan for C atoms, and is repeated 4 times first along the x-direction shown in (b) and then the set of four unit cells is
repeated also 4 times along the y′ path that subtends at an angle 60o north of x-axis (see (c) and Fig. 2). The grey balls in (a)–(c) are Si atoms which repeat
periodically the Si atoms on top. The distance between Si–Si (C–C) is 3.08 Å in both (b) and (c). In the z-direction, the distance between Si–Si (C–C) is 2.52
Å, whereas between Si–C it is 0.624 Å and 1.896 Å for the intra- and inter-bilayer, respectively.
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FIG. 2. Substrate of Si-terminated 6H-SiC(0001) taken as the initial con-
figuration input in LAMMPS software for performing simulated annealing.
Standard periodic conditions are applied along the x-axis and along a path in
y′-direction of the substrate, which has an orthorhombic structure with lattice
parameters a = 3.08 Å in x-axis direction, b = 3.08 Å in the direction y′
along a path that subtends an angle of 60o north of x-axis, and c = 15.12 Å
in z-axis direction. The orthorhombic substrate has angles α = β = 90o,
γ = 120o subtended between z- and x-axis, z- and y′-axis, and x- and y′-axis,
respectively. Same color notations for Si and C atoms are used as in Fig. 1.
Before proceeding, we digress for two further remarks.
The first is the growth of one layer graphene. As mentioned
above, the stoichiometry alone requires three SiC bilayers for
the growth of one layer graphene. This would mean that our
preparation of the initial configuration of C-rich atoms would
have to start by removing three sheets of Si atoms from the
top surface of 6H-SiC substrate. Doing so the initial config-
uration of C atoms then consists of a C-rich bilayer and a
monolayer of C atoms resided underneath. Unfortunately our
strategy for growing one-layer graphene with this initial con-
figuration preparation, does not work at all, for the C-rich bi-
layer was found to be unstable against crystalline structure
even before the simulated annealing procedure. The second
concerns the process of SiC decomposition to graphene for-
mation. This is a very interesting issue that has attracted much
interest of experimentalists working on graphene. The decom-
position process of Si atoms as was done in many laboratory
experiments is complicated in computer simulation for it re-
quires taking into account Si diffusion at grain boundaries and
defaults in the structure. The characteristic times in imple-
menting the latter are longer than what one is capable to do
with MD simulation. To perform this kind of simulation, the
kinetic Monte-Carlo technique (see, for example, Refs. 55 and
56) is perhaps the proper tool to cope with this study. Such a
simulation work is, however, beyond the scope of the present
paper and it represents another line of attack in the graphene
growth problem.
The voucher for a successful growth of multilayers
of computer-simulated graphene depends, however, on the
proper choice of prescribed separation distances between the
C-rich monolayers, and between the latter, in particular the
so-called buffer C-rich layers, and the substrate. To describe
how we position the C-rich layers among themselves and rel-
ative to substrate, let us consider first the growth of one-layer
graphene. In this case, we remove Si atoms from the top two
SiC bilayers of 6H-SiC crystal and maintain the original sepa-
ration of 1.896 Å between the top Si-monolayer of the remain-
ing four-bilayer substrate and the (first) C-rich monolayer just
next to it. Between this lower (first) C-rich monolayer and the
one immediately above it, we allow the upper (second) C-
rich monolayer to drop freely towards the lower one. In this
manner, the two C-rich monolayers now have an intra-layer
separation of 0.624 Å instead of 1.896 Å initially. This pro-
cedure is a general prescription of distance for the successful
computer-growth of multilayers of graphene: any set of two
C-rich monolayers must lie to within 1 Å.
The same tactics is applied for growing two layers of
graphene. Here, counting from bottom to top, the distance of
separation between the C-rich monolayers second and third is
4.415 Å and those C-rich monolayer sets between the first and
second as well as the third and fourth are both 0.624 Å. The
latter two sets of C-rich monolayers lie also to within 1 Å.
Note that for growing two layers of graphene the second and
fourth C-rich monolayers occupy the original crystalline sites
of Si atoms as in growing the one-layer graphene. In other
words, each of the two sets of C-rich layers, the first and sec-
ond or the third and fourth, when viewed in the direction of
xy′-plane, appears having a hexagonal structure with an aver-
age C–C bond-length of 2.895 Å. Perhaps worthwhile stress-
ing here is the key factor that governs a successful growth
of two-layer (or perhaps three-layer) graphene. It is associ-
ated with the adjustment of distance separating the two sets
of C-rich bilayers (first-second and third-fourth). Conducting
MD simulations by progressively changing the distance, say
L, between the two sets of C-rich bilayers, and at each stage,
we relax the whole system (C-rich monolayers plus remaining
substrate) to a minimized energy state. We found that the same
minimized energy state with L≡cc′ = 1.648 Å (see Table II)
is always obtained when L falls within the range 0.3–1.35 Å.
This range of L values is much shorter than the original
TABLE II. Distance parameters before and after minimization of 6H-SiC(0001) substrate before simulated an-
nealing process for growing one- and two-layer graphene. The entities cc refers to distance of separation between
two C-rich sheets and cs between first C-rich sheet (see text) and substrate for the case of studying one-layer
graphene. For studying two-layer graphene, cc(upper) and cc(lower) have the same meaning as cc in the one-layer
case of graphene except that they refer to upper and lower sets of C-rich layers, respectively. The cs in the case
of two-layer graphene corresponds to separation between the first C-rich sheet and substrate and cc′ between the
second- and third-layer of C-rich sheets (see text).
One-layer Two-layer
Parameter cc (Å) cs (Å) cc(upper) (Å) cc(lower) (Å) cs (Å) cc′ (Å)
Before minimization 0.624 1.896 0.624 0.624 1.896 1.315
After minimization 0.222 1.994 0.3 0.145 1.924 1.648
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separation 4.415 Å, the latter being beyond the empirical po-
tential cutoff.
At this point, the construction of initial configuration,
i.e., the orthorhombic substrate with carbon monolayers on
top of it, is so to speak completed and can be inserted into
LAMMPS. In a first stage, it has to be relaxed towards a sta-
ble local state by means of a conjugated gradient minimiza-
tion technique.57 Table II gives more details of the change of
distance parameters before and after the conjugated gradient
minimization. Note in particular that the average C–C bond-
length of intra-C-rich bilayer after relaxation is found to be
2.78 Å (in contrast to 2.895 Å before minimization) which is
longer than 2.65 Å as reported by Tang et al.40 We shall return
to discuss this average C–C bond-length in Sec. III A 1.
D. Numerical procedure of the simulated annealing
method
The simulated annealing method is used to determine the
lowest energy configuration of the system. Details of the nu-
merical procedure are summarized as following:
(a) As mentioned in the Introduction, we employ sepa-
rately in our simulations the empirical potentials of
Tersoff49 and TEA50 to describe the interatomic inter-
actions of C–C and Si–C. Parameters associated with
these potentials are given in Table I, and they are to be
read together with Eqs. (1)–(9).
(b) For 6H-SiC substrate covered by one or two C-rich bi-
layers as produced using the procedure described in
Sec. II C, a relaxation is performed by using the con-
jugate gradient minimization technique.
(c) The simulated annealing procedure is proceeded by
MD simulation in the NVT ensemble using the Nose-
Hoover thermostat with a time step t = 0.5 fs.
Next, for growing one-layer graphene, we increase
the temperature of the system at a heating rate of
1.2 × 1014 K/s (half of this rate for multilayers of
graphene) until T = 300 K, and at this temperature, the
system is equilibrated for a time interval of 2 × 104
t. The stage is now set for raising the system’s tem-
perature to a desired T. For this process, we found that
choosing a fixed heating rate of 5 × 1013 K/s is well
suited to the range of temperature investigated in this
work. Equilibrium of the system for a total time steps of
6 × 104 t is performed immediately at the desired T
and is followed subsequently by cooling the system at
a rate of 5 × 1013 K/s until T = 0.1 K.
III. RESULTS AND DISCUSSION
In this section, we report our computer-simulated
graphene epitaxially grown on 6H-SiC(0001) substrate from
one to two layers. In doing so, we first study the formation of
one graphene layer which is the buffer layer only and then the
formation of two layers of graphene with the one next to the
Si surface the graphene buffer layer. Before displaying these
results, it would be instructive, as an initial step, to first evalu-
ate the reasonableness of the two empirical potentials used in
the simulation.
A. Layer(s) of graphene grown on 6H-SiC
1. Binding energy of an infinite graphene sheet
Since the Tersoff or TEA potential is empirical, its po-
tential energy surface is unique for given set of potential pa-
rameters such as those displayed in Table I. A first indica-
tion of the appropriateness of the two potentials employed
here for growing epitaxial graphene is the relative values of
the binding energy (per atom) Eb for an infinite free graphene
sheet which is characterized by a lattice constant a0. Guided
by experiments,35 we choose to vary a0 in the range 2.3
≤ a0 ≤ 3.0 Å. The minimized Ebs by conjugate gradient
minimization57 is depicted in Fig. 3 which we read to yield a0
= 2.53 and 2.56 Å for the Tersoff and TEA potentials, respec-
tively. These values differ from the recent tight-binding calcu-
lation of Reich et al.51 and the very recent DFT calculation of
Gan and Srolovitz52 who obtained a0 = 2.468 and 2.471 Å,
respectively. While the Tersoff potential appears slightly bet-
ter in giving the a0 that agrees with ab initio calculations than
TEA potential, one notices, however, that the TEA poten-
tial is relatively more attractive than the Tersoff potential for
r > 2.6 Å (see the inset in Fig. 3). This characteristic fea-
ture of the TEA potential favors graphene formation since
the average C–C bond-length of the initial configuration of C-
rich atoms, after relaxation, is calculated above to be 2.78Å
(see Sec. II C).58 While this is a first indication that the TEA
potential could be better for describing the high temperature
graphene formation, further corroborations of its suitability



























FIG. 3. The binding energy (per atom) Eb for an infinite free graphene layer
calculated with the Tersoff (solid circles or dashed line) and TEA (open cir-
cles or full line) potentials at different values of lattice constant a0. The lowest
values of Eb are a0 = 2.53 and 2.56 Å for Tersoff and TEA potentials, respec-
tively. These values may be compared with the tight-binding calculation of
Reich et al.51 (a0 = 2.468 Å) and DFT calculation of Gan and Srolovitz52
(a0 = 2.472 Å). Notice that the Eb corresponding to Tersoff and TEA poten-
tials crosses at a0 = 2.584 Å and for a0 > 2.6 Å the Eb for TEA potential is
relatively lower in energy.
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FIG. 4. One-layer graphene overlaid on Si-terminated 6H-SiC(0001) obtained by the simulated annealing method for (a) Tersoff (second column) and (b)
TEA (third column) potentials. In the second and third columns at the bottom corner on the right, the integer is the hexagon number. The average distance of
separation between the graphene buffer layer and surface is about 2.43 Å for TEA potential.
in simulation works at different temperatures are necessary to
confirm this feature. This is done in the following.
2. One-layer graphene: The buffer layer
We turn now to an examination of the 2D structure of
graphene. In Fig. 4 we show the one-layer graphene that we
grew successfully on the Si-terminated 6H-SiC(0001) sub-
strate by employing the Tersoff and TEA potentials sepa-
rately in MD simulations. For the temperature range shown,
one recognizes easily that the one-layer graphene first comes
into view at 1200 K for the TEA potential and 1400 K for
the Tersoff potential. The annealing temperature 1200 K at
which the graphene emerges is reasonable considering the
somewhat mechanical way of our Si desorption in MD sim-
ulations where we create perhaps much more C atoms than
the thermally decomposed Si in epitaxial experiments. The
experimental findings of Hannon and Tromp31 who observed
graphene formation at step edges in prolonged annealing at
1298 K give further evidence, albeit indirectly. On the other
hand, the threshold graphene formation temperature from us-
ing Tersoff potential is relatively higher having a compara-
tively smaller size graphene sheets with 9 hexagons contrast-
ing to 75 from TEA potential (Fig. 4).
Before moving on to see other structural quantities, there
are two remarks worth mentioning. First is that our prepara-
tion of C-rich for the growth of graphene has led to graphene
formation occurring at an annealing temperature compara-
tively lower according to the range of graphitization temper-
ature reviewed by Hass et al.59 The reason is because many
processes are going on at high temperature annealing in ul-
trahigh vacuum environment such as the rate of Si desorp-
tion, Si atoms leaving the surface near the edge region,. . . ,
etc. and all of these graphitization conditions were not con-
sidered in our simulations and we have been (perhaps over-)
simplified in the present simulation by creating our initial C-
rich bilayer as described in Sec. II C. Our MD simulations
have in fact been inspired by the experimental work of Poon
et al.39 who made quantitative studies of the growth mech-
anisms of epitaxial graphene. The second remark is that the
present work, being inspired by Poon et al.’s comprehensive
analysis of their experimental data, gives considerable details
on the technical procedure for ensuring a successful growth of
epitaxial graphene. In the course of analyzing the simulation
data, the suitability of empirical potentials whose parameters
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FIG. 5. The variation of the binding energy (per atom) Eb plotted against
the equilibrium annealing time steps (t = 0.5 fs) at (a) 1200 K for Tersoff
potential, (b) 1100, and (c) 1200 K for TEA potential.
were fitted to experimentally observed data was assessed, for
they shed light on which interactions are important among C
and Si atoms for the growth of graphene.
To quantify further the comparison between these two
potentials, we depict the variation of the binding energy Eb
(per atom) during the equilibrium annealing period at 1200K
for Tersoff potential (Fig. 5(a)), and 1100 (Fig. 5(b)) and
1200K (Fig. 5(c)) for TEA potential. One sees readily that
at 1200K the C bilayer obtained by the Tersoff potential re-
mains in the crystalline state for the whole period of 6 × 104
time steps. In marked contrast, the Eb calculated using TEA
potential continues to stay in crystalline state at 1100 K (Fig.
5(b)) which, however, undergoes abrupt decrease in energy
at 1200 K after roughly 4 × 104 time steps (Fig. 5(c)). This
characteristic trait is a clear indication that the C bilayer has
transformed at 1200 K to a single sheet of graphene. These
results of Tersoff and TEA potentials confirm therefore the
remark made on TEA potential in Sec. III A 1.
Although our present simulation strategy is not designed
to generate a complete graphene sheet from triple-height steps
(as reported in recent experiments31,39) at the initial stage of
graphene formation, the temperature at which graphene struc-
ture emerges at 1200 K for the TEA potential is encourag-
ing for it implies the reasonableness of our choice of the
C–C interacting potential in simulation studies of graphene
growth and, as will be seen below, is in fact the key factor
in driving graphene formation. In Figs. 6 and 7, we present
furthermore the average bond-length  and binding energy























FIG. 6. Comparison of the average bond-length  (Å) versus annealing tem-
perature T (in units Kelvin) between results calculated using TEA (open cir-
cle) and Tersoff (solid circle) potentials. Our criterion of a bond-length is 
≤ 1.6 Å for the formation of graphene. This criterion yields Ttr = 1200 and
1500 K for TEA and Tersoff potentials, respectively (see text).
(per atom) Eb for the two potentials. Notice the abrupt de-
clines of  and Eb of C–C atoms for the TEA potential
at T = 1200 K. In contrast, the same quantities for the
Tersoff potential fall off less sharply and drastically. These
scenarios can be understood from Fig. 4 where it can be seen
that the Tersoff potential leads to a more broken graphene
sheet morphology with small islands. The changes in  and Eb
of C–C atoms suggest furthermore the existence of a threshold
annealing temperature, say Ttr, above which one would antic-
ipate graphene formation. For the two cases studied here, the
Ttr for the TEA potential is unquestionably clear from Figs. 6
and 7 falling in the range 1100 < T ≤ 1200 K. The Ttr for the
Tersoff potential is somewhat ambiguous since both  and Eb
of C–C atoms indicate 1400< T ≤ 1500 K which differs from
Fig. 3 where one sees a more broken graphene sheet structure
that shows up at 1400 K. The reason lies in the criterion that
we set ≤1.6 Å for a C–C bond in MD simulations. In view
of this graphene panorama, we would tend to consider the













FIG. 7. Same as Fig. 6 except for the binding energy (per atom) Eb.
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(a)
(b)
FIG. 8. (a) Pair correlation function g(r) of carbon atoms obtained using TEA potential at different annealing temperature T (in units of Kelvin) for the one-layer
graphene which emerges for T ≥ 1200 K. At T < 1200 K, it displays typical crystalline structure. (b) Same as Fig. 8(a) except that the MD simulations were
done using Tersoff potential. The one-layer graphene emerges at T ≥ 1500 K. At T < 1300 K, it displays typical crystalline structure. Only few hexogons are
seen at T = 1400 K.
graphene formation given in Fig. 3 for the Tersoff potential to
be relatively less well-defined.
To give more evidence of our computer-grown graphene,
it is instructive to compare the average bond-length in
Fig. 6 with the nearest neighbor distance deduced from the
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FIG. 9. Two-layer graphene overlaid on 6H-SiC(0001) obtained by simulated annealing method with TEA potential. In the second and third columns at the
bottom corner on the right, the integer is the hexagon number. The first graphene “buffer” layer refers to one closest to the top surface of substrate and has an
average distance of separation about 2.37 Å, and the second layer corresponds to one next to the first graphene layer and these graphene layers are separated by
an average distance about 3.13 Å.
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The g(r) in Eq. (10) describes a chosen ith atom that is placed
at a specific position, say the origin, and with respect to
which we seek the whereabouts of jth atoms which are present
within a shellr whose center is at a distance r from the cen-
tral atom i. The Nij is the number of such jth atoms within the
shell. The calculation of g(r) runs through the total number
n of all atoms i inside the total area of the simulation with
ρp defining the mean plane number density of carbon atoms.
Since epitaxially grown graphene is generally undulated,59
a more appropriate expression is the three-dimensional g(r)
which can be calculated by replacing (2πrr) by (4πr2r),
and ρp by the mean volume number density. The quantity g(r)
is again coded in LAMMPS software. We display in Figs. 8(a)
and 8(b) the g(r) calculated using TEA and Tersoff potentials,
respectively. The difference between the positions of the first
peak of g(r) and  averaging over the temperature range 1200
≤ T ≤ 2000 K yields a value 0.01 Å for the TEA potential,
whereas for the Tersoff potential it is 0.04 Å for temperature
range 1500 ≤ T ≤ 2000 K.
Lastly we have examined the inter-planar distance be-
tween the graphene buffer layer and the 6H-SiC substrate.
We found that the average distance of separation between the
different fragments of this graphene layer and the substrate
Si surface is 2.43 Å at 1200 K. This value is larger than the
2.0 ± 0.2 Å deduced from transmission electron microscopy
experiment35 and smaller than the 2.58 Å obtained by the DFT
calculation of Mattausch and Pankratov.61 In the latter sim-
ulation work, the authors describe quantitatively the strong
covalent bondings between C atoms of graphene buffer layer
and Si atoms on the substrate surface with the
√
3 × √3R30o
model. We should perhaps note also that in our MD simula-
tions this inter-planar distance was found to exhibit a slight
wavy temperature dependence.
3. Two-layer graphene
Coming to the two-layer graphene (Fig. 9), the first fea-
ture that we notice straight away is the emergence of the two
layers of graphene now occurring at a lower annealing tem-
perature 1100 K with a  of 1.55 Å for the first-layer graphene
(just next to the substrate) and 1.49 Å for the second-
layer graphene, and their corresponding Eb are −6.838 and
−6.942 eV, respectively. As the annealing temperature in-
creases, a close examination of Fig. 10(a) shows moreover
that the second-layer graphene has a nearly constant  with
an average value of 1.49 Å and is thus generally more sta-
ble than the first graphene buffer layer whose average  value
is higher (1.516 Å). Figure 10(b) illustrates the change of Eb
with annealing temperature. The average Eb is −6.995 eV for
1100 ≤ T ≤ 2000 K indicating again that the second-
layer graphene is relatively more stable compared with the
graphene buffer layer (−6.970 eV) next to the substrate.
Last but not least we look at the inter-layer distance be-
tween the first graphene layer and the 6H-SiC substrate as
well as that between the two graphene layers. As in the pre-
ceding case of one-buffer-layer graphene, the average dis-
tance of separation between the first graphene layer and
the substrate surface is calculated to be 2.37 Å at 1100 K.
At the same annealing temperature, this distance is much




































FIG. 10. (a) The average bond-length  (Å) versus annealing temperature T
(in units of Kelvin) obtained by the simulated annealing using TEA potential
for two-layer graphene. Notations used are: first-layer graphene, open circle;
second-layer, solid circle. (b) The binding energy (per atom) Eb (in units of
eV) versus annealing temperature T (in units of Kelvin) obtained by simulated
annealing using TEA potential for two-layer graphene. Same notations as
Fig. 10(a).
shorter than the inter-planar distance 3.13 Å between the two
graphene monolayers. The latter bilayer is therefore weakly
bound compared with the more tightly bound interactions
between the first graphene buffer layer and the SiC sub-
strate. In view of these characteristic features, the picture that
emerges from our simulation results applying the TEA po-
tential is that the formation of multilayers of graphene starts
with a less well defined graphene buffer layer which is tightly
bonded to the Si face of 6H-SiC substrate, whereas the sec-
ond sheet of graphene is a better defined and weakly bound
monolayer.
IV. CONCLUSIONS
Appealing to the Tersoff and a Tersoff-type empirical
potentials in classical MD simulations, and in conjunction
with the simulated annealing technique, we grew layers of
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graphene on the Si-terminated 6H-SiC surface. Through ana-
lyzing the structures of mono- and bi-layer graphene in terms
of the carbon-carbon average bond-length, binding energy,
and pair correlation function, we give much credence to the
TEA potential of Erhart and Albe. Although the present simu-
lation procedure is not designed to explain the scenario of pits
formation as observed in epitaxial experiments, the annealing
temperature that we obtained for graphene formation is of en-
couraging order (see Figs. 4 and 9 or Figs. 6 and 10(a)). The
relative areas of coverage of different graphene layers which
shed light on the structural stability are consistent also with
experiments, i.e., the first buffer layer is less stable in con-
trast to the second layer. The TEA potential reflects all these
features nicely.
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